Transferrins transport Fe 3+ and other metal ions in mononuclear-binding sites. We present the first evidence that a member of the transferrin superfamily is able to recognize multi-nuclear oxo-metal clusters, small mineral fragments that are the most abundant forms of many metals in the environment. We show that the ferric ion-binding protein from Neisseria gonorrhoeae (nFbp) readily binds clusters of Fe 3+ , Ti 4+ , Zr 4+ or Hf 4+ in solution. The 1.7 Å resolution crystal structure of Hf-nFbp reveals three distinct types of clusters in an open, positively charged cleft between two hinged protein domains. A di-tyrosyl cluster nucleation motif (Tyr195-Tyr196) is situated at the bottom of this cleft and binds either a trinuclear oxo-Hf cluster, which is capped by phosphate, or a pentanuclear cluster, which in turn can be capped with phosphate. This first high-resolution structure of a protein-mineral interface suggests a novel metal-uptake mechanism and provides a model for protein-mediated mineralization/dissimilation, which plays a critical role in geochemical processes.
Organisms have developed sophisticated mechanisms for the uptake of Fe 3+ and other metal ions from the environment. Metals in mineral form are used as sources of energy by geobacteria 1 , which are critical in the control of mineral growth and phase transformations 2 . The recognition of minerals by microbial proteins is of current interest because microbes can affect the chemistry and distribution of nearly all elements in the periodic table 3, 4 . Little structural information is currently available about the interactions between proteins and metal clusters during the initial stages of protein-mediated mineralization and mineral acquisition by bacteria. Here we report the surprising discovery that an iron-binding protein in the transferrin superfamily can recognize a variety of metal clusters in its iron-binding cleft, a finding that has potential implications for our understanding of metal uptake mechanisms.
Many pathogenic microorganisms require iron for virulence 5 . However, iron acquisition is a major problem for them in aerobic environments because aquated Fe 3+ ions are highly acidic and readily form hydroxide-and oxide-bridged polymers and insoluble FeO(OH) (rust) at neutral or alkaline pH 6 . Therefore, pathogenic Gram-negative bacteria, such as Neisseria gonorrhoeae, Neisseria meningitidis and Haemophilus influenzae, synthesize the iron-binding protein Fbp to capture iron presented at the outer membrane and transport it across the periplasm. Fbp, a single polypeptide chain of 309 amino acids, shows the same polypeptide topology as the two lobes of serum transferrin and lactoferrin despite a lack of significant sequence similarity 7, 8 . The Fe 3+ -binding site is in an interdomain cleft -a 'Venus fly-trap' -that is open in the apo protein and closed when Fe 3+ is bound. Fbp has been reported to bind one Fe 3+ strongly but reversibly 9 , as does each lobe of transferrin 10 . We sought to determine whether other metals bind strongly to Fbp from N. gonorrhoeae (nFbp) as a possible basis for the design of novel metalloantibiotics.
Multinuclear metal binding
The group four metal ions Ti 4+ , Zr 4+ and Hf 4+ , similar to Fe 3+ , are highly acidic and, therefore, expected to bind strongly to transferrin 11 . They have a high affinity for oxygen ligands -for example, hydroxide, oxide, phosphate and phenolate -and can be found along with Fe 3+ in the same geological minerals 12 . Ti 4+ has antibacterial properties 13 and binds strongly to human transferrin 14 . There is interest in the binding of Hf 4+ to transferrin because of its chemical similarity to Pu 4+ ; injected Hf 4+ is almost totally bound to transferrin in animal serum 15 .
The molar ratio of protein:Fe:phosphate (P) in isolated recombinant holo-nFbp overexpressed in the Escherichia coli periplasm is 1:1:1 ( Table 1) . Addition of an equimolar amount of Hf 4+ (as the mononuclear complex [Hf(NTA) 2 ] 2-) to holo-nFbp led to displacement of 47% of the bound Fe (monitored by the intensity decrease of the tyrosinate-to-Fe 3+ charge-transfer band at 481 nm in 100 mM NaCl, 4 mM phosphate and 25 mM NaHCO 3 , pH 7.4, at 310 K). To fully load nFbp with Hf, apo nFbp was reacted with a 50-fold molar excess of the mononuclear chelated Hf 4+ complex. Unexpectedly, the Hf-nFbp product contained 4.0 Hf and 1.4 P per mol protein ( Table 1) . The presence of bound phosphate was confirmed by 31 P-NMR spectroscopy (new peaks shifted downfield from free phosphate by 2-3 p.p.m.; data not shown). Other metal ions, including Fe 3+ itself, yielded similar binding patterns. Treatment of apo nFbp with excess chelated Fe 3+ in the presence of phosphate gave rise to 2-3 mol Fe per mol protein (Table 1) . Attempts to remove the excess bound Fe 3+ by treatment with phosphate (FePO 4 is insoluble) did not restore the 1:1 Fe:P ratio ( Table 1) . Treatment of native mono-ferric holo-nFbp with a large excess of chelated Fe 3+ did not lead to additional binding of Fe, although the bound phosphate was readily removed. The pathway for multinuclear loading, therefore, does not seem to involve the mononuclear form of the protein 7 , which is isolated from bacteria.
Conformational heterogeneity in crystals
We crystallized and solved the three-dimensional structure of Hf-nFbp, containing 4.8 Hf 4+ per mol protein, at 1.7 Å resolution by molecular replacement (Table 2) . Hemihedral twinning and the complex arrangement of nine protein molecules (labeled A-I) in the asymmetric unit (space group P3 2 , Fig. 1 ) presented severe problems (see Methods) but the structure was finally solved to R cryst = 16.5% and R free = 26.4%.
The well-known fold of Fbp comprises two hinged α/β domains. A single Fe 3+ ion is octahedrally coordinated to His9 and Glu57 from the N-terminal domain, di-tyrosyl Tyr195-Tyr196 from the hinge area, a water molecule and phosphate as an obligatory synergistic anion bound to the C-terminal domain 7, 8 . Apo Fbp was incubated with metal ions at 310 K, and the unbound metal was removed by gel filtration (for example, PD-10 column) and/or by ultrafiltration. NTA = nitrilotriacetate. 2 Extensive washing with 10 mM Tris-HCl, pH 7.8, led to loss of phosphate (Fe = 1.10 ± 0.02 and P = 0.1 ± 0.03). 3 Tyr → Fe 3+ charge-transfer band shifted from 481 nm for native holo-nFbp to 464 nm. 4 Ti 4+ loading gives a tyrosinate-to-Ti 4+ charge-transfer band at 323 nm (similar to Ti 4+ human serum transferrin) 40 . Cp = cyclopentadienyl. 5 Crystalline mononuclear
ands in closed mono-Fe-nFbp, are swung away from the metalbinding site.
The hinge angles of the nine molecules in the crystal vary. They are distinctively wider for the group of three molecules G, H and I by 5.6°on average, with the maximum difference of 8.4°b etween molecules D and H. The crystal environment of the metal-binding pocket for this group is also distinct ( Fig. 1) , as is the structure of the metal cluster (described below). The observed structural diversity of the Hf 4+ clusters seems to be linked to variations in the protein conformation and in the crystal environment.
Unexpectedly for cation binding, the surface of the Hf 4+ -binding pocket is positively charged (blue, Fig. 2 ) and its nearest crystal contact is also basic for all nine molecules ( Small metallic balls in the middle indicate metal clusters. a, The complete unit cell (space group P3 2 , with the z-axis pointing towards the viewer). b, Stacks of the nine protein molecules A-I in the asymmetric unit along the z-axis. Each of the stacks G, H and I lies on a crystallographic three-fold screw axis (not shown), which is therefore made of identical molecules. All identical molecules G have the same color, as do molecules H and I. The directions of arrows running through the hinge area of the protein indicate different orientations of the stacks along the z-axis (down for I, up for G and H). The stack ABC (arrow up) is antiparallel to the stack FDE (arrow down). Both ABC and FDE are made of similar, but not identical, molecules, which are therefore differently colored. Individual molecules in these stacks are related by approximate noncrystallographic three-fold screw symmetry and have slightly different conformations. POV-Ray (http://www.povray.org/) was used to generate (a,b). c, Crystal contacts of the metal clusters of molecules A-I (bold letters) with their nearest neighbors in the unit cell (plain letters) and the mutual orientation of these nearest-neighbor proteins (parallel or antiparallel). All metal clusters face a positively charged amino acid (Arg or Lys). The entry 'C↑↑G Arg22' indicates that the metal cluster of molecule C (from the stack ABC) faces Arg22 of molecule G from the parallel stack G. The crystal contacts fall into three general categories: the clusters of the molecules GHI face an Arg48 from a parallel stack (as indicated by ↑↑ or ↓↓), the clusters of BCD face Arg22 from a parallel stack as well, and the clusters of AEF face Lys244 in the antiparallel orientation (↑↓or ↓↑).
ions are not in direct contact with any of the protein atoms, except for the phenolate oxygens of Tyr195 and Tyr196, to which they are bonded. Negatively charged oxygen atoms shield Hf 4+ ions and bridge them in a manner similar to the structure of the mineral HfO 2 16 (Fig. 3) . Clusters in the protein mirror the structural heterogeneity of the mineral, which can adopt a variety of crystal forms, usually with coordination numbers of six, seven or eight. These observations suggest that Fbp might be able to acquire mineral oxo-metal clusters in vivo.
Trinuclear cluster
The cleft of molecule D is the most closed and contains the smallest cluster of only three metals -Hf1, Hf2 and Hf3 (electron density, Fig. 3a) . Trinuclear cores of Hf 4+ ions are common in inorganic complexes containing alkoxide, aryloxide, hydroxide and oxide ligands 17, 18 . All three metal atoms are well ordered in the crystal. Hf1 is coordinated to Tyr196, Hf2 to Tyr195, and Hf3 to Hf1 and Hf2 through the bridging oxygens (Fig. 3b) . This trinuclear cluster is capped by a phosphate, which faces outward from the binding pocket. Each metal has pentagonal bipyramidal coordination to seven oxygens. The five equatorial oxygens are oxides (or hydroxides), and the axial oxygens are from tyrosinate (or water for Hf3) and phosphate. The Hf … Hf distances range from 3.6 to 3.8 Å, and the Hf … O distances from 1.9 to 3.0 Å, with the Hf-tyrosinate bonds being the shortest. The Tyr195-Tyr196 O … O distances of 4.03-4.48 Å are significantly longer than in holo-Fe-nFbp (3.01 Å) 7 , where both tyrosines are bound to a single Fe 3+ . The overall calculated charge on the first coordination shell is -7 (if all four bridging oxygens are oxide). The net positive surface charge on the metal-binding cleft (Fig. 2 ) may facilitate formation of the protein-cluster complex. An example of this is the assembly of the molybdenum-iron (MoFe) protein of nitrogenase, which involves insertion of a negatively charged MoFe cofactor cluster into a positively charged funnel in the apo protein 19 .
Pentanuclear clusters
All molecules in the group A-F, except D, contain similar clusters of five Hf 4+ ions. In these, the bound phosphate present in the trinuclear cluster (Fig. 3b) is replaced by an oxo-metal ion (Hf4, Fig. 3c ). As in cluster D, the Hf1, Hf2 and Hf3 ions are fully ordered. The additional two ions Hf4 and Hf5 point into the solvent and are disordered. High electron density peaks (>10 σ) and strong anomalous signals (>3 σ) confirm that they are Hf ions, and their high temperature factors (B-factor = 95 Å 2 ) indicate that they are mobile. Hf5 forms an oxygen-bridged triangle with Hf1 and Hf4, similar to the triangle Hf1-Hf2-Hf3 of cluster D but without the central oxygen. Both Hf4 and Hf5 are octahedrally coordinated to six oxygens.
Molecules A-C have similar hinge angles and crystal contacts ( Fig. 1) and contain similar metal clusters. The clusters of the molecules E and F differ from the clusters in A-C by an even higher mobility/disorder of Hf5. The clusters G-I are similar and contain five metal ions and an additional phosphate (Fig. 3d) . Unlike cluster D, the phosphate bridges Hf1 to Hf4 and Hf5, which are mobile in A, B, C, E and F. The phosphate-bound ions Hf4 and HF5 become well ordered (B-factor = 42 Å 2 ) in the group G-I. The other pair of ions, Hf2 and Hf3, which is well ordered in A-F, becomes mobile (B-factor = 92 Å 2 ) in G-I, although Hf2 is bonded to Tyr195 and Hf3 is the most buried in the binding pocket. The phosphate-capped ordered cluster Hf1-Hf4-Hf5 is identical to that of Hf1-Hf2-Hf3 in D, but situated further away from the bottom of the metal binding pocket. Positional disorder seems to be associated with phosphate binding and not with the tyrosyl ligands. The size of the clusters correlates with the hinge-angle opening: the most closed molecule D contains the smallest cluster and the larger clusters are found in the more open molecules G-I.
Clusters in mammalian transferrin?
Hf-nFbp is the first observation of multinuclear binding to the open form of Fbp. Open transferrin conformations are known with a single bound Fe 3+ ion [20] [21] [22] . Domain closure was not observed for mammalian transferrin treated with Hf(NTA) in solution 23 . When we treated human serum apo transferrin with a 30-fold molar excess of [Hf(NTA) 2 ] 2-under similar conditions as those used for Hf-nFbp preparations, we found a bound Hf:protein:phosphate ratio of 3.5:1:1.1 (data not shown), similar to Fbp. This suggests that at least the N-lobe, which is wide open in the apo protein, binds a Hf cluster. The C-lobe may not be able to open wide enough to bind metal clusters, and this may be relevant to the functional difference between the two lobes.
Cluster binding seems to be more facile than mononuclear binding, which requires a conformational transition plus a synergistic helper anion (phosphate or carbonate). Helper anions are redundant for cluster binding: oxygens of the oxo clusters take the place of the synergistic anion in the positively charged binding site. The cleft of the N-lobe of transferrin can open some 20°wider 24 than Fbp and can contain more phosphate-binding sites 22 , potential anchors for oxo-metal clusters. This, together with the high affinity of Fbp for multimetal clusters, suggests that the N-lobe of transferrins could also bind metal clusters. (Fig. 3d for these details) . Arg101 is completely conserved in all Fbp sequences.
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The sequential motif Tyr195-Tyr196 is absolutely conserved in all Fbps and is essential for cluster recognition. Iron binding to Fbp is abolished when either Tyr195 or Tyr196 is mutated 25, 26 . Although in mammalian transferrins the two Tyr ligands come from distant parts of the sequence (Tyr95 and Tyr188 in the N-lobe, and Tyr426 and Tyr517 in the C-lobe of human transferrin), a dityrosyl motif is nevertheless highly conserved in the N-lobe (Tyr95-Tyr96). Further work is required to elucidate the potential multinuclear binding mode for mammalian transferrins.
Biological implications
Our discovery of oxo-metal clusters bound in the open cleft of a protein that was previously considered to accommodate only a single metal ion suggests the possibility of an alternative iron uptake mechanism. On the basis of available structures of apo and mononuclear holo-forms, the acquisition of metal ions by transferrins is usually thought to involve a series of steps 22 : binding of a synergistic anion in the open cleft, coordination of metal to a tyrosine side chain, loss of ligands from the presenting metal complex and lobe closure to give a mononuclear adduct. Although native Fe-nFbp contains a single metal ion anchored to two tyrosines in a closed inaccessible binding pocket and cannot take up further metal ions, our study of Hf-nFbp has revealed that each tyrosine can bind to a separate metal ion. The tyrosines bring these metal ions into close proximity, stimulating further growth of the cluster. Oxygens from the cluster replace the synergistic anion. Hence, the metal uptake pathway may also include bound multinuclear intermediates. Our findings also illustrate how a flexible protein-binding cleft can play a major role in controlling the growth/dissimilation of nanominerals.
Iron is an essential nutrient, but soluble lowmolecular-weight forms of iron are scarce in the environment even though iron oxides are abundant. Polymeric oxide-and hydroxide-bridged species are often the major forms of highly charged metal ions present in aqueous media 6, 27 . Intriguingly, bacterial transferrins seem to be capable of sampling the cell surface 28 , and the ability to recognize multimetal clusters may allow them to acquire iron from minerals under iron-limiting conditions. It is notable that the dissimilatory metal ion-reducing bacterium Shewanella oneidensis MR-1, which can adhere to mineral surfaces, has an Fbp analog (27% identity including conserved Tyr-Tyr motif) and shows closest phylogenetic similarity to pathogenic microbes 29 -a possible indication of the evolutionary origin of cluster-binding ability.
Methods
Protein synthesis and characterization. Wild type nFbp was expressed 30 in TOP10 E. coli cells (Invitrogen) containing the plasmid pTrc99A/Fbp/Ng and purified by cation exchange chromatography 31 . The concentration of holo-nFbp was determined from ε 481 = 2,430 M -1 cm -1 or ε 280 = 48,900 M -1 cm -1 (ref. 30) . Total protein was also determined from the S content by ICP-AES (inductively coupled plasma-atomic emission spectrometry) (1 S per mol protein: Met308; Thermo Jarrell Ash IRIS). Fe and phosphate (as well as Ti, Zr and Hf) were also determined by ICP-AES. Values are averages of three determinations on each sample. nFbp contained a ∼1:1 mol ratio of bound Fe:P as found 7, 9 , although phosphate was readily lost during purification in Tris buffer (Table 1) . Fe was removed by treatment of holo-nFbp with excess sodium citrate at pH 4.5 in a Centricon-10 microconcentrator (Amicon) or at pH 6 with nFbp bound to a Resource S column (Amersham) followed by elution with 10 mM the space group P3 2 12. This crystal 1 was used for structure determination, and a higher resolution data set from crystal 2 ( Table 2 ) was used for final refinement. The structure was solved by a combination of molecular replacement and SAD using CCP4 suite 33 and CNS 34 . Both AMoRe 35 and MOLREP 33 produced the same mutual disposition of six protein molecules that obey two-fold noncrystallographic rotation axes parallel to the twinning axis of the crystal (search model PDB entry 1D9Y). Three remaining molecules were found by manual analysis of the anomalous differences (originating from Hf 4+ ) combined with the phases from the molecular replacement model. Subsequent twinned rigid body refinement using CNS reduced R cryst to 36% and R free to 38%. The positions of all Hf 4+ ions were confidently revealed by the difference Fourier map generated with coefficients (F o -F c ) and the phases calculated from the final protein model. Anomalous difference Fourier maps confirmed that these peaks of electron density belong to Hf ions (f′ = 9 e -at a wavelength of 0.87 Å). We performed nine cycles of manual rebuilding with O 36 followed by positional refinement, B-factor refinement, twinning fraction refinement and automatic water building with CNS. We used bond angles and lengths from inorganic HfO 2 in the Chemical Database Service (http://www.cds.dl.ac.uk/cds/) as the targets for refinement. The final model is the result of crystal 2 refinement (Table 2) .
Coordinates. Coordinates have been deposited in the Protein Data Bank (accession code 1O7T). The data from the more asymmetric crystal 1 were used to solve the structure, and better data from crystal 2 were used for refinement. 2 Values in parentheses are for the highest resolution shell. 3 R sym = Σ|I h -<I h >| / I h , where <I h > is the average intensity over symmetry equivalent reflections. 4 R cryst = Σ|F o -F c | / ΣF o , where summation is over the data used for refinement. 5 R free was calculated using 7% of data excluded from refinement.
